The relationships between isolates suggested by a novel DNA typing method (RAPD-ALFA) that combines randomly amplified polymorphic DNA with automated on-line laser fluorescence analysis of DNA fragments were compared with those suggested by four other computer-assisted typing strategies (biotyping, antibiogram typing, pulsedfield gel analysis of chromosomal fingerprints and arbitrarily-primed DNA amplification with three different primers) for 25 isolates of Acinetobacter baumannii obtained from 12 different hospitals in four countries over a period of 12 years. The results obtained by cluster analysis with two different software packages confirmed that the relationships suggested by RAPD-ALFA were robust and essentially similar to those suggested by the other more laborious computer-assisted typing methods. The technique of RAPD-ALFA appears to offer the possibility of routine on-line molecular identification and typing of isolates from particular hospital wards or units (e.g., intensive care units), and could, therefore, play a key role in the early recognition and prevention of outbreaks of infection.
Introduction
Rapid DNA fingerprinting analysis methods based on the functionally interchangeable methods of arbitrarily primed amplification of chromosomal DNA (AP-PCR) [ 1, 2] and randomly amplified polymorphic DNA (RAPD) [2, 3] are being used increasingly in many microbiology laboratories for epidemiological typing of an ever-increasing range of bacteria. However, difficulties arise with these methods when comparing visually the fingerprint banding patterns from a large number of isolates examined on different gels over extended time intervals, while other problems include a reported lack of reproducibility and difficulties with the standardisation of equipment and reagents [4-61. In an attempt to overcome some of these drawbacks, a novel method combining RAPD analysis with automated laser fluorescence analysis (ALFA) of DNA fragments has been developed in which computerised cluster analysis is used for recognition of related strains within a single working day [7] . This technique (RAPD-ALFA) achieves high resolution of the RAPD amplification patterns by the use of rapid denaturing sequencing gels that are capable of discriminating DNA products differing by only a single base [8]. The resulting data are digitised and used for strain comparisons and the generation of dendrograms without the loss of information that may occur inadvertently during the scanning of gel images generated by other methods.
Although the RAPD-ALFA technique has been shown to generate reproducible results with single strains and epidemiologically related isolates [7] , the extremely precise nature of the resolution means that the technique could provide too much discrimination to recognise links between closely related, but not identical strains. To investigate this possibility, this study compared the strain relationships suggested by RAPD-ALFA with those suggested by four other computer-assisted typing strategies -employing a different software package and clustering algorithmfor isolates of Acinetobacter baumannii collected from several geographically separate hospitals. Antibioticresistant strains of A. baumannii play a significant role in colonisation and infection of patients admitted to hospital intensive care units (ICUs) [9, 101. They may be isolated from the hospital environment, from colonised or infected patients, and from the hands of staff [9-121, and as opportunist pathogens they are responsible for a wide range of nosocomial infections, including bacteraemia, pneumonia, urinary tract infection and meningitis [9] . No single typing system has so far gained acceptance for typing Acinetobacter spp., and this area is the subject of ongoing research.
Materials and methods

Bacteria and reagents
Twenty-nine Acinetobacter strains isolated over a period of 12 years were obtained from 12 different hospitals in four countries. The 25 strains (Table 1) included in the study were those strains identified originally as A. baumannii on the basis of biochemical tests performed on initial isolation at the various hospitals. For the purpose of comparing methods, two geographically related groups of strains are highlighted throughout this paper -strains nos. 1, 4, 5, 6, 7, 23, 24, 25 and 26; and strains nos. 27, 28 and 29 -comprising strains from Nottingham and Wales, respectively (Table  1) . The strains were stored at -70°C in Skim Milk Powder (Oxoid L31) 10% w/v in sterile distilled water and then subcultured, as required, on to CLED Agar (Oxoid) and incubated overnight at 30°C immediately before analysis by the RAPD-ALFA method and four other computer-assisted typing strategies. All chemicals and reagents were purchased from Sigma or were as described previously for each individual method listed below, with the exception of PCR reagents (Boehringer Mannheim) and custom-synthesised oligonucleotides (Oswel DNA Service, Edinburgh) for RAPD reactions.
RA PD-ALFA
The RAPD-ALFA procedure involves random-primed amplification with fluorescent primers, followed by online automated laser fluorescence analysis of high resolution DNA fingerprints separated on polyacrylamide sequencing gels [7] . The method used was as described by Grundmann et al. [7] , except that two different primers were used: (1) a single primer derived from the core region of bacteriophage M13 (5'-GAGGGTGGCGGTTCT-3'); and (2) primer DAF4 (5'-CGGCAGCGCC-3') [ 131. Stored fluorograms were analysed with the Windows version of the GelCompar Software Version 3.10 (Applied Maths, Korttijk, Belgium) after conversion of the ALF data into the GelCompar format. Separate electrophoresis gels were normalised according to the internal standards contained in each track (1 00 bp, 1064 bp). Dendrograms for cluster analysis were based on similarity matrices calculated from the Pearson correlation and UPGMA algorithm. All strains were examined in duplicate and comparison was based on amplification products ranging from 100 to 700 bp as previous work [7] has shown an overall reproducibility of >95% in similarity coefficients calculated from DNA fragments of <700 bp. Final analysis of the dendrograms generated was based on the 72% similarity level shown previously [7] to distinguish unambiguously between unrelated strains of A. baumannii.
Bio typ ing
Based on the recommendations of Bouvet and Grimont [ 141 and Kampfer et al. [ 151, each strain was examined in the following 27 tests: growth with p-alanine, L-arginine, D-asparagine, L-aspartate, azelate, citraco- 
Antibiogram typing
The method used was based on the disk inhibition zone method described by Horrevorts et al. [16] , with the modification that plates were inoculated with a soft agar overlay (Isosensitest Agar 0.7% w/v; Oxoid) containing c. lo4 cells of the strain being tested to give an evenly distributed bacterial lawn. The 15 disks used to test each strain contained the following antibiotics (pg/disk): amikacin (30), ampicillin (1 0), cefotaxime (30), ceftazidime (30), cefuroxime (30), cephradine (30), chloramphenicol (1 0), ciprofloxacin (l), gentamicin (lo), imipenem (lo), kanamycin (30), nalidixic acid (30), rifampicin (5), tetracycline (10) and tobramycin (10). Plates were incubated for 24 h at 30°C and the diameters of the inhibition zones were measured. Similarity coefficients were then calculated and subjected to cluster analysis by the DENDRON program.
A nu lys is of p ulsed-field gel electrophoresis (PFGE) fingerprints
Intact chromosomal DNA was prepared in agarose plugs by the method of Curran et al.
[17] from cultures of Acinetobacter strains grown overnight in Brain Heart Infusion Broth (Oxoid) on an orbital shaker (150 rpm) at 30°C. PFGE fingerprints were generated by digestion of intact chromosomal DNA with ApaI, and were visualised and photographed as described previously [lo] . Fingerprint data were digitised by scanning the photographs (UMAX UC840 Scanner; Leicester Computer Centre). Similarity coefficients were then calculated and subjected to cluster analysis by the DENDRON program.
Analysis of RAPD fingerprints on agarose gels
Conventional RAPD fingerprints were produced with the following primers: (1) M13 forward and reverse sequencing primers (5 '-GTTTTCCCAGTCACGAC-3 ' and 5 '-CAGGAAACAGCTATGAC-3 ', respectively) used together as described by Vila et al. [18] ; (2) DAF4 (see above) used as described by Wiedmann-AlAhmad et al. [13] ; and (3) AP3 (5'-TCACGATGCA-3') used as described by Barbut et al. [ 191. Amplification products were visualised and photographed after separation on agarose 1.5% w/v gels [18] . Fingerprint data were digitised and analysed by the DENDRON program as described above. 
Results
RA PD-ALFA
Bio vping
Of the 27 tests included in the analysis, 14 gave identical results for all 25 strains, whereas the remaining 13 tests (growth with phenylacetate, citrate, phenylpyruvate, vanillate, levulinate, citraconate, Lphenylalanine, 4-hydroxybenzoate and L-tartrate; glucose O F ; gelatinase production; hydrolysis of pNP-P-D-xylopyranoside; growth at 44°C) identified only minor differences between some of the strains. Consequently, after cluster analysis by the DENDRON program (Fig. 3) , all of the strains formed a single cluster with 85% similarity, although the Nottingham strains (with the exception of strain no. 1) and the strains from Wales were linked closely together within the single large cluster. Although growth at 44°C is a characteristic normally associated with A. baumannii, three strains (nos 1 1, 12 and 18) failed to grow at this temperature (see Discussion).
obtained by cluster analysis (Fig. 5 ) shows that the UHN strains (nos 1, 4, 5, 6 and 7) formed a single cluster -with all but strain no. 1 having 72% similarity -as did the three strains from Wales (nos 27, 28 and 29). The strains from CHN (nos 23, 24, 25 and 26) formed part of two separate clusters, both of which were unlinked to the UHN strain cluster.
An tibiogram typing Analysis of RAPDJingerprints on agarose gels
The use of inhibition zone diameters meant that only one of the antibiotics included in the analysis (chloramphenicol) gave identical results for all 25 strains tested. Fig. 4 demonstrates that two major clusters were obtained by antibiogram typing at the 72% similarity level. The three strains from Wales were grouped together fairly tightly within one cluster. Seven of the Nottingham strains were contained within the same cluster, but strains nos 1 and 25 clustered separately.
Analysis of PFGE Jingerprints
M13 forward and reverse sequencing primers (used together as recommended by Vila et al.
[l8]) yielded quite extensive strain discrimination (Fig. 6) , with 1-12 amplification products (size range 150-1 500 bp) visualised for each strain. None of the amplification products was common to all 25 strains. The three strains from Wales (nos 27, 28 and 29) appeared to be identical, and the CHN strains (nos 23, 24, 25 and 26) were also linked -albeit only at a non-significant similarity level of 55%. Three of the five UHN strains (nos 4, 5 and 6) appeared to be identical and strains nos 1 and 7 were within the same group at a similarity level of 55%. The intact chromosomal DNA extracted from one strain (no. 16) was not cut by restriction endonuclease The DAF4 and AP3 primers both yielded fewer ApaI. The other 24 strains yielded complex ApaI amplification products (1-7 for each strain; size fingerprint patterns, with 12-20 DNA bands being ranges 150-1500 bp and 150-1000 bp, respectively), visualised for each strain. None of the bands obtained and the respective dendrograms (Figs 7 and 8 Wales -with the exception of the 1982 isolate (strain the five computer-assisted typing strategies, as well as no. 1) -were identical. Again, no amplification the total number of groups identified by each method. products were common to all 25 strains.
Deliberate use was made in this study of two different software packages and clustering algorithms. Neither software package enabled an internal calculation of the topological robustness of the dendrograms generated, but it was possible to examine the overall robustness of
Overall methods
Of RApD-ALFA with Other Table 2 compares the number of geographically related strains that were grouped at the 72% similarity level by the groupings by omitting one or more strains in turn from the DENDRON analysis. When this was done, the order in which the strains were presented in the dendrograms was found to vary, but crucially the strain groupings obtained by the various methods for the residual strains were unaltered from those obtained originally for all 25 strains by either program.
Discussion
DNA fingerprinting methods have become the most commonly used approach for assessing the genetic relatedness of micro-organisms in epidemiological studies. However, before using a particular strategy, it is important to ensure that the method distinguishes unrelated strains, is capable of identifying the same strain in separate samples, and reflects genetic relatedness between epidemiologically linked strains. If only a few strains are being compared, and the associated fingerprints are relatively simple, then visual comparison of pattern differences may be sufficient to assess the degree of relatedness. However, at present there is no general consensus as to the number of 'differences' (i.e., changes in fingerprint pattern) required for two strains to be considered unrelated. For more complex fingerprints, and in cases where strains from different geographical locations are being compared over significant time periods, a computer-assisted strategy is required that enables the formation of a database of fingerprint patterns. Such strategies also enable cluster analysis -leading to the construction of dendrograms showing relationships between strains -and the allocation of a percentage similarity level required to define clusters of related strains.
The work reported here was not concerned with epidemiological relationships amongst A. baumannii isolates per se, but aimed to assess the groupings suggested by the novel RAPD-ALFA method [7] in comparison with those suggested by two DNA fingerprinting and two phenotypic typing strategies. Deliberate use was made of a different software package and clustering algorithm for analysing the data generated by the alternative methods, and -as there is no consensus -the 72% similarity level shown previously [7] to distinguish unanbiguously between unrelated strains of A. baumannii by RAPD-ALFA was chosen for the comparative grouping purposes to assess the groups generated by the various methods.
RAPD-ALFA, used with either the M13 or DAF4 primer, successfully clustered the strains from Nottingham and Wales, with the exception of strain no. 1 (isolated in 1982). Minor clusters from other geographical locations were also recognised and, with the partial exception of PFGE analysis (see below), the same clusters were, in general, also recognised by the other methods investigated (Table 2) .
Of the two 'phenotypic' strategies examined, biotyping provided the least discrimination, with all 25 strains being grouped within a single cluster at the 72% similarity level (Fig. 3) . Although known geographical links (e.g., the Nottingham and Wales strains) were recognised at a higher level of similarity, discrimination from unrelated strains relied on very small differences within the overall biotype. Strain no. 1 (isolated in 1982) was again separated from the more recent Nottingham isolates, perhaps reflecting some minor evolutionary changes in the predominant endemic Nottingham strain [lo] during the passage of time. Although growth at 44°C is a characteristic normally associated with A. baumannii [15] , three strains (nos 11, 12 and 18) failed to grow at this temperature. These strains also formed a cluster when examined by RAPD-ALFA (Figs 1 and 2 ) and by RAPD with two of the three primers used (Figs 6 and  7) , and may, therefore, be representatives of the closely related Acinetobacter genospecies 3 rather than A. baumannii [15, 20] .
Antibiograms of strains are often expressed in terms of 'resistant' or 'sensitive' depending on the breakpoints used. Such an approach has the effect of 'smoothing out' subtler differences that may exist between strains. The alternative approach used in this study, in which inhibition zone sizes were measured, makes full use of all the available information [20] and is being used in an increasing number of typing studies with Acinetobacter spp. [16, 21, 22] . It should be noted that changes in susceptibility to several related antibiotics (e.g., the aminoglycosides) may be caused by a single genetic event, although the analysis treats all results with equal weight. However, the same caution also applies to the various DNA fingerprinting methods discussed below, in that some individual genetic events (e.g., a spontaneous mutation) will change only one restriction site, whereas others (e.g., a transposon insertion) may change several. Use of antibiograms in the present study provided good discrimination (Fig. 4) and successfully identified the cluster of strains from Wales, but discriminated between some of the Nottingham strains, probably reflecting the acquisition or loss of antibiotic resistance determinants. Antibiotic resistance is often the first indication to a diagnostic laboratory that an outbreak of infections caused by a single organism is occurring, but antibiogram typing results should be interpreted with caution, as unrelated strains may exhibit the same antibiogram and changes in susceptibility may occur during endemic episodes [20].
Of the two additional DNA fingerprinting methods, PFGE analysis following restriction endonuclease digestion with Apa I yielded complex fingerprint patterns, a deeper clonal 'structure' and greater discrimination of the strains than all of the other typing approaches examined, including RAPD-ALFA (Table 2 ). This is not surprising because PFGE examines the entire genome for restriction fragment length polymorphisms and may, therefore, be the most reliable indicator of close relatedness. However, although the strains from Wales and the recent UHN strains were linked (in separate clusters), the CHN strains were split into two separate clusters and were separated from the UHN strains, despite all the other typing methods indicating that the strains from the two Nottingham hospitals were related. This suggests that analysis of A. baumannii ApaI PFGE fingerprints may be too sensitive for long-term monitoring and comparisons of endemic episodes of infection during which genetic 'drift' may occur.
Analysis of the RAPD fingerprints on agarose gels provided an almost direct comparison with the automated RAPD-ALFA analysis on high-speed sequencing gels. The clusters obtained with the combined M 13 forward and reverse sequencing primers were similar to those obtained by RAPD-ALFA, although more groups were seen at the 72% similarity level (Table 2) , perhaps reflecting the fact that only a single M13 primer was used in the RAPD-ALFA experiments. The number of groups obtained with the DAF4 primer was identical by both RAPD and RAPD-ALFA. The overall grouping conclusions obtained by analysis of RAPD fingerprints on agarose gels were virtually identical to those obtained by RAPD-ALFA.
In conclusion, preliminary work with isolates of A. baumannii has indicated previously that the novel RAPD-ALFA method has significant advantages compared with other fingerprinting strategies [7]. The work described here, with a defined panel of isolates from different geographical locations, has confirmed that RAPD-ALFA yields an appropriate level of strain discrimination for fbture epidemiological studies, and that the relationships suggested by cluster analysis of RAPD-ALFA data are essentially similar to those suggested by other methods employing a different software package and clustering algorithm. In the absence of a recognised 'outbreak' of infection, transmission of a single A. baumannii strain between a small number of patients will often go undetected unless fingerprint patterns are analysed routinely and compared with a database. The question of cost effectiveness remains to be addressed, but the technique of RAPD-ALFA appears to offer the possibility of routine on-line molecular identification and typing of isolates of a broad range of bacterial species from particular hospital wards or units (e.g., intensive care units), and could, therefore, play a key role in the early recognition and prevention of outbreaks of infection.
